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Abstract 

Human cytomegalovirus (HCMV), a member of the Betaherpesvirinae sub-family of Herpesviridae family, is a 
widespread pathogen that infects a majority of the world's population by early adulthood. In individuals whose 
immune systems are immature or weakened, HCMV is a significant pathogen causing morbidity and mortality. 
There is no effective vaccine and only limited antiviral treatments against HCMV infection to date. A possible target 
for novel antiviral treatments is the HCMV proteins that localize to the tegument of the virion, since they play 
important roles in all stages of the viral life cycle, including, viral entry, gene expression, immune evasion, assembly, 
and egress. The most likely tegument protein candidates are pp65 (immune evasion), pp71 (gene expression), and 
pp150 and pp28 (assembly and egress). Although the subcellular localization of these proteins has been identified 
during HCMV infections in vitro, their localization patterns have not been determined when each protein is 
expressed individually in living cells. Thus, the objective of this review is elucidate the HCMV tegument as well as 
present current research findings concerning the subcellular localization of the tegument proteins pp65, pp71, 
pp150, and pp28 as fusions to one of several fluorescent proteins. 

Keywords: Human cytomegalovirus, HCMV, Tegument, pp65, pp71, pp150, pp28, Transfection, Confocal 
microscopy 



Human cytomegalovirus significance 

Human cytomegalovirus (HCMV) is a member of the 
Betaherpesvirinae sub-family of Herpesviridae. It is a wide- 
spread pathogen that infects a majority of the world's 
population by early adulthood [1]. In fact, by the age of 40, 
between 50 and 85% of adults are infected by HCMV [2]. 
The virus establishes a life-long infection with some cells 
being latently infected, a state where the virus has the abil- 
ity to lie dormant within a cell, while others are persis- 
tently infected, where the infection cannot be cleared from 
an organism and there is intermittent shedding of infec- 
tious virions [3] . Immunocompetent individuals, who can 
develop a strong immune response, typically display no 
symptoms of infection [4]. However, in individuals whose 
immune systems are immature or weakened, such as 
organ transplant and AIDS patients, HCMV is a signifi- 
cant pathogen causing morbidity and mortality [5]. Symp- 
toms in these individuals typically consist of spiking fever, 
leucopenia (decrease in white blood cells), malaise, 
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hepatitis, pneumonia, gastrointestinal disease and/or reti- 
nitis (inflammation of the retina) [4]. HCMV is also 
responsible for approximately 8% of infectious mononu- 
cleosis cases [6] and is the leading viral cause of birth 
defects often causing deafness and mental retardation in 
the fetus if a woman is infected during pregnancy [7]. 

HCMV has been implicated in playing a role in inflam- 
matory and proliferative diseases, including certain cardi- 
ovascular diseases and cancer [8]. Epidemiological and 
pathological studies have espoused a strong link between 
HCMV and atherosclerosis [8] . Several mechanisms have 
been proposed in which HCMV could influence the 
development of athersclerotic vascular abnormalities [9] . 
A proposed role of HCMV in the pathogenesis of athero- 
sclerosis involves the reactivation of a latent HCMV 
infection followed by virus-induced enhancement of vas- 
cular inflammation and damage through smooth cell pro- 
liferation, uptake of low-density lipoproteins by smooth 
cells, neointimal formation (thickened arterial layer via 
cell migration and proliferation), and narrowing of the 
vessel lumen [9]. 
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There is no effective vaccine against HCMV, and drugs 
that inhibit viral replication exist but are ineffective due to 
high toxicity, low bioavailability, and the development of 
drug-resistant virus strains [8,10]. The primary antiviral 
agents used to treat HCMV infections in patients with an 
impaired immune system are ganciclovir, foscarnet, and 
cidofovir [9]. These drugs have improved the survival and 
quality of life of immunocompromised individuals suffer- 
ing from HCMV, but they are far from ideal due to major 
hematologic, renal, and neutropenia toxicity [9]. There- 
fore, the lack of an effective treatment for HCMV infec- 
tions, especially in immunocompromised individuals, has 
resulted in intense study for the identification of proteins 
and processes that could be targeted by novel antiviral 
treatments [8]. 

Human cytomegalovirus structure and life cycle 

HCMV has the prototypical herpesvirus virion struc- 
ture (Figure 1) and the replication cycle has a well con- 
trolled cascade of gene expression [9]. The virion has 
an icosahedral protein capsid that contains the 235-kb 



double-stranded DNA. The capsid is surrounded by a 
proteinaceous tegument and an outer lipid envelope 
[1]. Virions gain entry into a cell through a membrane 
fusion event involving the outer membrane of the cell 
and glycoproteins on the lipid envelope of virions. 
Once the fusion of these two membranes occurs, the 
DNA-containing protein capsid and the tegument pro- 
teins are released into the cell [11]. 

The gene expression pattern follows a similar cascade as 
used by other herpesviruses as reviewed in Kalejta (2008) 
[12]. During the lytic infection, viral immediate-early genes 
are expressed [8] . The expression of these genes results in 
the production of viral immediate-early proteins that mod- 
ulate the host cell environment and stimulate the expres- 
sion of viral early genes [1]. The viral-immediate early 
genes produce proteins that are responsible for replicating 
the double-stranded viral genomic DNA; after DNA repli- 
cation, these immediate-early genes turn on the expression 
of viral late genes [1]. The viral late proteins are mainly 
structural components of the virion that assist in the 
assembly and egress of newly formed viral particles [1]. 
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Figure 1 A cartoon depicting the structure of the HCMV virion. (Image obtained from (http://www.virology.net/big_virology/bvdnaherpes. 
html) courtesy of Dr. Marko Reschke in Marburg, Germany). 
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Immediate-early genes in HCMV can be silenced in certain 
cell types upon infection though, which results in a latent 
infection [13]. A latent infection is characterized by the 
minimization of viral gene expression and the inhibition of 
the assembly and egress of new viral progeny [11]. Latent 
infections can reactivate into a lytic infection upon certain 
environmental cues, which causes disease and allows viral 
spread [1,12]. 

HCMV infected cells also produce noninfectious envel- 
oped particles and dense bodies in addition to infectious 
virions as reviewed in Kalejta (2008) [12]. Noninfectious 
enveloped particles are similar to infectious virions in that 
they contain a nearly an identical assortment of envelope, 
tegument, and capsid proteins, but they lack the double- 
stranded viral genome within the icosahedral capsid [14]. 
Dense bodies on the other hand are enveloped tegument 
proteins that lack capsids and are primarily composed of 
the viral pp65 protein [14]. The significance of the nonin- 
fectious enveloped particles and dense bodies is not 
known in wild- type strains of HCMV [14]. 

Tegument structure and function 

A possible target for novel antiviral treatments is the 
HCMV proteins that localize to the tegument. As men- 
tioned, the tegument in HCMV is located between the 
outer lipid membrane and the icosahedral protein capsid, 
which contains the viral genomic double-stranded DNA 
[11]. The tegument is generally thought to be unstruc- 
tured and amorphous in nature although some structuring 
is seen with the binding of tegument proteins to the pro- 
tein capsid [15]. The tegument proteins comprise more 
than half of the total proteins found within infectious vir- 
ions [16]. Tegument proteins are phosphorylated, but the 
significance of this and other posttranslational modifica- 
tions to these proteins remains largely unexplored [11]. A 
common sequence to direct proteins into the tegument 
has not been identified through either experimental or 
bioinformatic approaches [17]. The process of assembling 
the viral tegument upon viral egress and disassembly upon 
viral entry into cells is largely unknown [17]. However as 
reviewed in Kalejta (2008), phosphorylation, subcellular 
localization to the assembly site, and interaction with cap- 
sids or the cytoplasmic tails of envelope proteins, likely 
facilitate the incorporation of proteins into the HCMV 
tegument [12]. 

As mentioned above, virions gain entry into a cell 
through a membrane fusion event involving the outer 
membrane of the cell and the lipid membrane of virions. 
The entry of the tegument proteins as well as the DNA- 
containing protein capsid upon viral entry occurs after the 
fusion of these two membranes [11]. Upon release into the 
cytoplasm, tegument proteins become functionally active, 
where they play important roles in all stages of the viral 



life cycle, including, viral entry, gene expression, immune 
evasion, assembly, and egress [1,11]. There are several 
tegument proteins that are of particular interest due to the 
role (elucidated below) that they play in the HCMV repli- 
cation cycle, including pp65, pp71, ppl50, and pp28. 

Tegument protein pp65 

Pp65 is the most abundant tegument protein and the 
major constituent of extracellular virus particles [18]. 
However, pp65 is not essential for the production of new 
infectious virus particles as evidenced in strains that lack 
the pp65 gene [18] which can still replicate in culture. 
Pp65 is the major tegument protein responsible for modu- 
lating/evading the host cell immune response during 
HCMV infections [19]. As reviewed in Kalejta (2008), 
pp65 is implicated in counteracting both innate and adap- 
tive immune responses during HCMV infections [12]. 
pp65's role in immune evasion is largely attributable to its 
targeting of both humoral and cellular immunity as well as 
serving as the dominant target antigen of cytotoxic T lym- 
phocytes [19]. It has been demonstrated that pp65 not 
only prevents immediate-early proteins from being recog- 
nized by components of the immune system, but it also 
inhibits the synthesis of the various components involved 
in the host cell's immune response [20]. One of the ways 
in which pp65 counteracts adaptive immunity is through 
its enzymatic kinase activity [21]. It was shown that pp65 
mediates the phosphorylation of viral immediate-early 
proteins, which blocks their presentation to the major his- 
tocompatibility complex class I molecules [22] . The kinase 
activity of pp65 has also been implicated in causing the 
degradation of the alpha chain in the major histocompat- 
ibility class II cell surface receptor, HLA-DR, via an accu- 
mulation of HLA class II molecules in the lysosome [20] . 
Furthermore, several studies have presented evidence that 
pp65 is involved in mediating a decrease in the expression 
of major histocompatibility complex class II molecules 
[20]. This is significant in that major histocompatibility 
complex class I and II molecules are responsible for lym- 
phocyte recognition and antigen presentation with class I 
molecules presenting to cytotoxic T lymphocytes CD8+ 
and class II molecules to helper T lymphocytes CD4+ [20] . 

Another pivotal role that pp65 has in immune evasion 
during HCMV infections is through the inhibition of nat- 
ural killer cell cytotoxicity [23]. Specifically, it was shown 
that pp65 can act as an antagonistic ligand that can bind 
to the NKp30 activating receptor to protect the killing of 
infected cells as well as interfere with the ability of NKp30 
to cross-talk between other natural killer cells and dendri- 
tic cells [23,24]. 

Finally, pp65 has been shown to attenuate the interferon 
response [25]. It is thought that pp65 is involved in down 
modulating beta interferon and a number of chemokines, 
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which is based on the observation of an elevated expression 
of interferon genes in infections with a strain lacking the 
pp65 protein [25]. 

Thus, the role that pp65 has in immune evasion in 
HCMV infections is to prevent infected cells from being 
destroyed by the immune system. Furthermore, it has 
been shown to protect infected cells from the immune 
response by binding to components of the immune sys- 
tem, thereby inhibiting their activation [24]. 

Tegument protein pp71 

Pp71, by comparison, plays an important role in the 
activation of immediate-early gene expression at the 
start of the lytic replication cycle [26]. Although this 
protein is not absolutely essential, it is necessary for effi- 
cient viral replication as reviewed in Kalejta (2008) [12]. 
A proposed mechanism for how pp71 activates viral 
gene expression is by neutralizing the effects of the cel- 
lular Daxx protein, which is recruited to promoters by 
DNA-binding transcription factors, resulting in the 
repression of transcription [27]. Pp71 can bind to two 
inherent domains on Daxx and induce its proteasomal 
degradation [28]. Additionally, it was demonstrated that 
pp71 increases the infectivity of viral genomic DNA 
when transfected into cultured cells [29]. 

Recently though, pp71 has also been implicated in 
immune evasion, similar to pp65, by disrupting the major 
cell surface expression of components of the immune 
response [30]. Specifically, pp71 appears to target the cell 
surface receptors of major histocompatibility complex 
class I proteins by slowing their intracellular transport 
[30] . This limits the ability of infected cells to display viral 
antigens to the immune system and prevents recognition 
by cytotoxic T lymphocytes. 

Tegument proteins pp150 and pp28 

Ppl50 and pp28 are highly immunogenic and play roles in 
the assembly and egress of virus particles. Both of these 
tegument proteins play very similar roles, but have some 
distinct functions. ppl50, the second most abundant tegu- 
ment protein behind pp65, is necessary to incorporate 
nucleocapsids into virus particles [16]. Ppl50 is essential 
for maintaining the stability of the cytoplasmic capsids 
and directing their movement [1,31]. 

Ppl50 also plays a role in the reorganization of the cyto- 
plasmic assembly compartment during virion assembly 
[31]. The process of virion assembly in HCMV has been 
reviewed in Kalejta (2008) [12]. After the viral genome and 
late genes are expressed, capsid formation and DNA 
packaging into the preformed capsids begins to occur in 
the nucleus. Capsids acquire a primary envelope when 
they bud through the inner nuclear membrane into the 
perinuclear space, which they lose upon budding through 
the outer nuclear membrane into the cytoplasm. The 



capsids then bud into Golgi apparatus-derived vesicles and 
obtain their final envelope. When these vesicles fuse with 
the cell membrane, the enveloped virion is released. Pp28 
is largely responsible for the cytoplasmic envelopment of 
tegument proteins and capsids in HCMV during the 
assembly and egress process [12,32]. 

Tegument protein subcellular localization 

As illustrated, the tegument proteins play important roles 
in all stages of the viral life cycle, including, viral entry, 
gene expression, immune evasion, assembly, and egress 
[11]. However, the subcellular localization of the tegument 
proteins after their release into the cytoplasm at the begin- 
ning stage of infection has not been fully elucidated. This 
is especially true for the localization of the tegument pro- 
teins when they are expressed individually or in combina- 
tions without the rest of the HCMV virion. Furthermore, 
the structure of the tegument itself is not known, and the 
process of assembling the tegument upon viral egress, as 
well as the disassembly of the tegument upon viral entry 
into cells, is poorly understood [17]. Therefore, the objec- 
tive of this research was to determine the subcellular loca- 
lization of the primary tegument proteins pp65, pp71, 
ppl50, and pp28, after transfection of plasmid DNA 
expressing each protein as a fluorescent protein fusion. 
Since these tegument proteins play pivotal roles in several 
stages of the viral life cycle, knowledge of where and the 
mechanism of how these proteins localize upon release 
could be fundamental in the development of effective, 
novel antiviral treatments for this widespread human 
pathogen, which would have great therapeutic value for 
immunocompromised individuals. 

When HCMV virions fuse with the membrane of host 
cells, some tegument proteins remain in the cytoplasm, 
while others migrate to the nucleus of the cell [33] . Other 
tegument proteins will remain tightly associated to the 
nucleocapsids, and mediate their delivery to the nuclear 
pore complex via the microtubule assembly as reviewed in 
Kalejta (2008) [12]. Several tegument proteins though will 
have a specific localization within the cell depending on 
the stage of the lytic cycle. 

In the early stage of infection, pp65 tends to indepen- 
dently migrate to the nucleoli of the cell [34]. The localiza- 
tion of pp65 to the nucleoli suggests a functional 
relationship between the localization of pp65 and the 
development of the lytic cycle of HCMV [34] . However, 
pp65 begins to migrate to the cytoplasm 48 h into the lytic 
cycle with nuclear pore complex becoming devoid of the 
protein [35]. This migration appears to be mediated by 
cyclin-dependent kinase activity and a Crml exporter [36]. 

Pp71, by comparison, has a similar localization pattern 
as pp65 during the lytic cycle of HCMV infections. The 
subcellular localization of pp71 upon viral entry is to the 
nucleus of the host cell [33]. This localization appears to 
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be essential for the initiation of either a lytic or latent 
infection [37] . During the later stages of infection, some 
pp71 appears to localize subcellularly to both the nucleus 
and the cytoplasm [38] . 

Unlike the subcellular localization of pp65 and pp71, 
which appears to be dependent on the stage of the lytic 
life cycle of HCMV, the localization of ppl50 has not 
been well-defined. Some studies have suggested that the 
subcellular localization of ppl50 initially when it associ- 
ates with the viral nucleocapsids is to the nucleus, while 
other studies suggest that it is to the cytoplasm [39,40]. 
The subcellular localization of pp28 on the other hand 
appears to be to specific cytoplasmic compartments 
[41]. This localization appears to be essential for the 
production of viral progeny, since it is localized at the 
site of final envelopment [41]. 

Fluorescence proteins as localization tags 

The development of fluorescent protein molecules to act 
as localization tags for subcellular components has revolu- 
tionized the biomedical sciences [42]. The first instance 
occurred when Aequorea victoria jellyfish wild-type green 
fluorescent protein (GFP) was used to highlight sensory 
neurons in the nematode [43]. Fluorescence is such a 
powerful tool in that it allows one to distinguish and iden- 
tify cellular components that are either too small or lack 
little contrast with the background with traditional micro- 
scopy techniques. The wild-type green fluorescent protein 
molecule was modified to yield different variants due to its 
complex emission spectrum [44] . Nonetheless, extensive 
research has occurred in recent years to produce new and 
improved fluorescent tags that are brighter, cover a broad 
spectral range, and also exhibit enhanced photostability, 
reduced oligomerization, pH insensitivity, and faster 
maturation rates [42]. 

Due to the success of various fluorescent protein mole- 
cules being used as tags to assess the subcellular localiza- 
tion and of many cellular and viral proteins, several 
distinct fluorescent protein molecules were utilized in this 
experiment to identify the subcellular localization of 
HCMV tegument proteins pp65, pp71, ppl50, and pp28, 
respectively [44] . The fluorescent tegument protein fusions 
were constructed previously by inserting the open reading 
frame of each tegument protein into a plasmid containing 
a fluorescence gene so that the two protein coding regions 
are in-frame and produce a fusion protein (Pizzorno et al., 



unpublished data). After the plasmid and tegument pro- 
teins undergo restriction digests, the resultant sticky ends 
fuse to form the fluorescently labeled tegument protein 
plasmid. The fluorescent tegument protein fusions are 
identified by transforming them into bacterial cells on a 
plate containing a specific antibiotic. Since the plasmid 
contains the antibiotic resistance gene, the colonies that 
are transformed with the fusion plasmid are able to survive 
on the plate. The fusion plasmids are then isolated from 
the bacterial colonies that were transformed. 

In total, three variant fluorescent proteins (Cyan-blue, 
RFP (DsRed2)-red, GFP-green) were used to tag and label 
the tegument proteins. Pp65 was tagged with Cyan, pp71 
with RFP, and ppl50 and pp28 with GFP. The characteri- 
zation of each fluorescent protein molecule can be seen in 
Table 1. Additionally, the location of the fluorescent tags 
on each protein can be seen in Figure 2. 

Experimental outline and objectives [45] 

As mentioned, the objectives of this study were to identify 
the subcellular localization of HCMV tegument proteins 
pp65, pp71, ppl50, and pp28 to understand how these 
proteins interact with the cell and function during the lytic 
cycle of HCMV infections. Additionally, identification of 
the HCMV tegument protein localization patterns could 
assist in the development of a better targeted effective, 
novel antiviral treatment of HCMV infections, especially 
in immunocompromised individuals. This was accom- 
plished through the use of cell culture and microscopy 
techniques. The tegument proteins of interest were first 
fused to a fluorescence protein (Cyan-blue, RFP-red, GFP- 
green), as described to in the previous section, that will 
emit/fluoresce when exposed to a certain wavelength of 
light. The DNA that encodes these modified tegument 
proteins were then transfected into an established human 
cell lines (HeLa cells). Confocal microscopy, which is an 
imaging technique that is used to increase the optical reso- 
lution and contrast of photographs obtained through a 
microscope, was then utilized to determine the subcellular 
localization of each tegument protein within the trans- 
fected cells by noting where the Cyan, RFP, or GFP mole- 
cule fluoresces to reconstruct three-dimensional structures 
of the obtained images. Additionally, the images obtained 
from the fluorescence tags were compared and overlaid 
with images obtained by concurrently staining with DAPI 
or Hoechst 33342, which are fluorescent stains that have a 



Table 1 Characterization of the fluorescent molecules used to tag HCMV tegument proteins pp65, pp71, pp150, and 
pp28 



Fluorescent Molecule 


Tegument Protein(s) Labeled 


Excitation Peak (nm) 


Emission Peak (nm) 


Brightness 


Photostability 


pKa 


Cyan 


pp65 


433/445 


475/503 


13 


64 


4.7 


RFP 


pp71 


584 


607 


12.5 


8.7 


4.5 


GFP 


pp1 50 and pp28 


488 


507 


34 


174 


6.0 



Tomtishen III Virology Journal 2012, 9:22 
http://www.virologyj.eom/content/9/1/22 



Page 6 of 8 



pCyan-65 



[ Cottons 1-561 ofULS3 (pp65) | 



p 7 1 -Red | Cottons 1-559 of UL82 (pp~ 1 ) 



1 



Figure 2 Fluorescently labeled HCMV tegument protein constructs 
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high affinity for DNA. Since the DNA is located within the 
nucleus of cells, this allowed for a definitive identification 
of where these tegument proteins localize subcellular!/ in 
transfected cells. 

There were three distinct series of steps in determining 
the localization of the tegument proteins. The localization 
of the tegument proteins were first identified in fixed cells 
that were transfected with plasmids containing the tegu- 
ment proteins of interest. Since the localization of each 
protein may be affected by the presence or absence of 
other tegument proteins, a series of transfections occurred, 
including the tegument proteins by themselves and a com- 
bination of the different tegument proteins of interest. 
Since we have three different fluorescence tags, we were 
able to observe the localization of three tegument proteins 
in a single cell. The localization patterns in the fixed cells 
were then compared to the same series of transfections in 
live cells to acquire more accurate observations of the 
localization patterns as well as to rule out the possibility 
that artifacts of the fixation process may have affected the 
subcellular localization patterns of the tegument proteins. 

Summary of results [45] 

It was shown via fluorescent confocal microscopy that the 
localization of each tegument protein was independent of 
each other, and that live-cell imaging experiments gave 
better results than fixed cell imaging experiments. Further- 
more, the subcellular localization of pp71 and ppl50 
(nucleus), and pp28 (cytoplasm) were identical to what 
occurs in a typical HCMV lytic infection, suggesting a 
strong correlation between localization and function. The 
most significant piece of information that can be drawn 
from this experiment, though, concerns that subcellular 
localization pattern that was observed for pp65. In the 
early stage of a normal HCMV infection, pp65 tends to 
independently migrate to the nucleoli of the cell [34]. This 
localization to the nucleoli suggests a functional relation- 
ship between the localization of pp65 and the development 
of the lytic cycle of HCMV [34]. In accordance with pre- 
vious experiments, it was hypothesized that pp65 would 



subcellularly localize to the nucleus of the cell. However, it 
was seen that pp65 localizes to the cytoplasm of the trans- 
fected HeLa cells. 

The observed localization pattern of pp65 suggests that 
something else in the HCMV virion, most likely another 
tegument protein, is crucial for pp65 to localize to the 
nucleus of a host cell in the early stages of infection. 
Moreover, the localization of pp65 to the nucleoli in the 
early stages of infection suggests a functional relationship 
between the localization of pp65 and the development of 
the lytic cycle of HCMV [24] . This implies that if a novel, 
antiviral treatment could target the other molecule in the 
HCMV virion that is required to assist pp65 to get into 
the nucleus of the host cell, HCMV infections and its 
devastating effects, especially in immunocompromised 
individuals, could be alleviated. This new data suggests 
that a potential effective, novel, antiviral treatment for 
HCMV infections could be synthesized from inhibiting 
the localization of pp65 to the nucleus of the cell in the 
early stages of infection. 

The results that pp65 does not localize to the nucleus 
are interesting, since it is known that pp65 has a bipartite 
nuclear localization signal [46]. This implies that the 
mechanism by which the other molecule within the 
HCMV virion that is necessary for pp65 nuclear localiza- 
tion during the initial stages of the lytic infection is to 
expose the pp65 nuclear localization signal. It is known 
that proteins or other molecules with nuclear localization 
signals do not localize to the nucleus until the signal is 
exposed and recognized by an importin protein. Thus, 
the other molecule within the HVMC virion may bind to 
pp65, which yields a conformational change in pp65, 
thereby, exposing its nuclear localization signal to impor- 
tin proteins during the early stages of the lytic cycle. 
Thus, a novel antiviral treatment could target the other 
molecule in the HCMV virion, and prevent pp65 from 
getting into the nucleus; subsequently inhibiting the 
HCMV lytic infection. This research has increased our 
understanding of HCMV lytic infections as well as identi- 
fies a potential target for a novel, antiviral treatment. 



Tomtishen III Virology Journal 2012, 9:22 
http://www.virologyj.eom/content/9/1/22 



Page 7 of 8 



Acknowledgements 

First, I would like to thank my advisor, Dr. Marie Pizzorno, for her invaluable 
support and mentoring throughout my Bucknell career. Her insight and 
passion for science in general has helped me develop into both an excellent 
critical thinker and an independent scientist. I also want to thank the 
Bucknell University Cell Biology/Biochemistry Program. 
I need to thank Dr. Joseph Moore for all of his help with the confocal 
microscope as well as all of the present and former members of the 
Pizzorno laboratory whose work served as the foundation for my thesis. 
Finally, I would like to give a special thanks to my thesis committee 
members: Dr. Marie Pizzorno; Dr. Emily Stowe-Evans; Dr. Eric Tillman. 

Authors' contributions 

JT drafted and wrote the manuscript in addition to carrying out the cell 
based HCMV tegument protein transfections and subsequent fixed and live- 
cell confocal microscopy visualizations. 

Authors' information 

John graduated as valedictorian from Mount Carmel Area Jr/Sr. High School 
in Mount Carmel, PA in 2007. He then attended Bucknell University in 
Lewisburg, PA where he earned a Bachelor of Science Degree with Honors 
in Cell Biology/Biochemistry in 2011. He is currently employed as a Biologist 
by Lancaster Laboratories in Lancaster, PA where he performs tissue culture 
based potency and viral quantification assays on live vaccine products. 
Additionally, he is employed by Fox Chase Cancer Center in Philadelphia, PA 
where he works as a Scientific Technician I in the lab of Dr. Matthew 
Robinson utilizing antibody-engineering techniques to develop molecularly 
targeted therapeutics designed to exploit the signal transduction networks 
that drive cancer formation and progression. He is looking to go on to get 
his PhD in either molecular biology, virology, immunology, or infectious 
diseases within the next few years. 

Competing interests 

The author declares that he has no competing interests. 

Received: 22 November 2011 Accepted: 17 January 2012 
Published: 17 January 2012 

References 

1. Mocarski ES, ShenkT, Pass RF: Cytomegaloviruses. In Fields virology.. 5 
edition. Edited by: Knipe DM, Howley PM. Philadelphia, PA: Lippincott 
Williams 2007:2701-2772. 

2. Selinsky C, Luke C, Wloch M, Geall A, Hermanson G, et at. A DNA-based 
vaccine for the prevention of human cytomegalovirus-associated 
diseases. Human Vaccines 2005, 1:16-23. 

3. Sinzger C, Grefte A, Plachter B, Gouw ASH, The TH, Jahn G: Fibroblasts, 
epithelial cells, endothelial cells, and smooth muscle cells are major 
targets of human cytomegalovirus infection in lung and gastrointestinal 
tissues. J Gen Virol 1995, 76:741-750. 

4. Soderberg-Naucler C: Does cytomegalovirus play a causative role in the 
development of various inflammatory diseases and cancer? J Intern Med 
2006, 259:219-246. 

5. Steininger C: Clinical relevance of cytomegalovirus infection in patients 
with disorders of the immune system. Clin Microbiol Infect 2007, 
13:953-963. 

6. Grosse SD, Ross DS, Dollard SC: Congenital cytomegalovirus (CMV) 
infection as a cause of permanent bilateral hearing loss: a quantitative 
assessment. J Clin Virol 2008, 41 57-62. 

7. Koch S, Solana R, Dela Rosa 0, Pawelec G: Human cytomegalovirus 
infection and T cell immunosenescence: a mini review. Mech Ageing Dev 
2006, 127:538-543. 

8. Saffert RT, Penkert RR, Kalejta RF: Cellular and viral control over the initial 
events of human cytomegalovirus experimental latency in CD34 + cells. J 

Virol 2010, 84:5594-5604. 

9. Mocarski ES, ShenkT, Pass RF: Cytomegaloviruses. In Fields Virology.. 5 
edition. Edited by: Knipe DM, Howley PM. Philadelphia, PA: Lippincott 
Williams 2007:2701-2772. 

10. Biron KK: Antiviral drugs for cytomegalovirus disease. Antivir Res 2006, 
71:154-163. 



11. Shenk Thomas, Stinski FMark: Human Cytomegalovirus. In Current Topics in 
Microbiology and Immunology. Volume 325.. 1 edition. Berlin: Springer; 2008, 
Print. 

12. Kalejta RF: Tegument proteins of human cytomegalovirus. Microbiol Mol 
Biol Rev 2008, 72:249-265. 

13. Sinclair J, Sissons P: Latency and reactivation of human cytomegalovirus. 
J Gen Virol 2006, 87:1763-1779. 

14. Irmiere A, Gibson W: Isolation and characterization of a noninfectious 
virion-like particle released from cells infected with human strains of 
cytomegalovirus. Virology 1983, 130:118-133. 

15. Chen DH, Jiang H, Lee M, Liu F, Zhou ZH: Three-dimensional visualization 
of tegument/capsid interactions in the intact human cytomegalovirus. 
Virology 1999, 260:10-16. 

16. Varnum SM, Streblow DN, Monroe ME, Smith P, Auberry KJ, Pasa-Tolic L, 
Wang D, Camp DG, Rodland K, Wiley S, Britt W, Shenk T, Smith RD, 
Nelson J: Identification of proteins in human cytomegalovirus (HCMV) 
particles: the HCMV proteome. J Virol 2004, 78:10960-10966. 

17. Kalejta RF: Functions of human cytomegalovirus tegument proteins prior 
to immediate early gene expression. Curr Top Microbiol Immunol 2008, 
325:101-116. 

18. Chevillotte M, Landwehr S, Linta L, Frascaroli G, Luske A, et al: Major 
tegument protein pp 65 of human cytomegalovirus is required for the 
incorporation of pUL69 and pUL97 into the virus particle and for viral 
growth in macrophages. J Virol 2009, 83:2480-2490. 

19. McLaughlin-Taylor E, Pande H, Forman SJ, Tanamachi B, Li CR, Zaia JA, 
Greenberg PD, Riddell SR: Identification of the major late human 
cytomegalovirus matrix protein pp 65 as a target antigen for CD8 virus- 
specific cytotoxic T lymphocytes. J Med Virol 1994, 43:103-1 10. 

20. Odeberg J, Plachter B, Branden L, Soderberg-Naucler C: Human 
cytomegalovirus protein pp 65 mediates accumulation of HLA-DR in 
lysosomes and destruction of the HLA-DR alpha-chain. Blood 2003, 
101:4870-4877. 

21. Gilbert MJ, Riddell SR, Plachter B, Greenberg PD: Cytomegalovirus 
selectively blocks antigen processing and presentation of its immediate- 
early gene product. Nature 1996, 383:720-722. 

22. Gilbert MJ, Riddell SR, Plachter B, Greenberg PD: Cytomegalovirus 
selectively blocks antigen processing and presentation of its immediate- 
early gene product. Nature 1996, 383:720-722. 

23. Arnon Tl, Achdout H, Levi O, Markel G, Saleh N, Katz G, Gazit R, Gonen- 
Gross T, Hanna J, Nahari E, Porgador A, Honigman A, Plachter B, Mevorach D, 
Wolf DG, Mandelboim O: Inhibition of the NKp30 activating receptor by 
pp 65 of human cytomegalovirus. Nat Immunol 2005, 6:51 5-523. 

24. Arnon Tl, Markel G, Mandelboim O: Tumor and viral recognition by 
natural killer cells receptors. Semin Cancer Biol 2006, 16:348-358. 

25. Abate DA, Watanabe S, Mocarski E: Major human cytomegalovirus 
structural protein pp 65 (ppUL83) prevents interferon response factor 3 
activation in the interferon response. J Virol 2004, 78:10995-1 1006. 

26. Spaete RR, Mocarski ES: Regulation of cytomegalovirus gene expression: a 
and B promoters are trans activated by viral functions in permissive 
human fibroblasts. J Virol 1985, 56:135-143. 

27. Salomoni P, Khelifi AF: Daxx: death or survival protein? Trends Cell Biol 
2006, 16:97-104. 

28. Saffert RT, Kalejta RF: Inactivating a cellular intrinsic immune defense 
mediated by Daxx is the mechanism through which the human 
cytomegalovirus pp 71 protein stimulates viral immediate early gene 
expression. J Virol 2006, 80:3863-3871. 

29. Baldick CJ, Marchini A, Patterson CE, Shenk T Human cytomegalovirus 
tegument protein pp 71 (ppUL82) enhances the infectivity of viral DNA 
and accelerates the infectious cycle. J Virol 1997, 71:4400-4408. 

30. Trgovcich J, Cebulla C, Zimmerman P, Sedmak DD: Human 
cytomegalovirus protein pp 71 disrupts major histocompatibility 
complex class I cell surface expression. J Virol 2006, 80:951-63. 

31. Tandon R, Mocarski ES: Control of cytoplasmic maturation events by 
cytomegalovirus tegument protein pp 150. J Virol 2008, 82:9433-9444. 

32. Seo JY, Britt WJ: Cytoplasmic envelopment of human cytomegalovirus 
requires a postlocalization function of a tegument protein pp 28 within 
the assembly compartment. J Virol 2007, 81:6536-6547. 

33. Compton T, Nepomuceno RR, Nowlin DM: Human cytomegalovirus 
penetrates host cells by pH-independent fusion at the cell surface. 
Virology 1992, 191:387-395. 



Tomtishen III Virology Journal 2012, 9:22 
http://www.virologyj.eom/content/9/1/22 



Page 8 of 8 



34. Arcangeletti M-C, Rodighiero I, Mirandoia P, De Conto F, Covan S, 
Germini D, Razin S, Dettori G, Chezzi C: Cell-cycle-dependent localization 
of human cytomegalovirus UL83 phosphoprotein in the nucleolus and 
modulation of viral gene expression in human embryo fibroblasts in 
vitro. J Cell Biochem 20 1 1 , 1 1 2:307-3 1 7. 

35. Sanchez V, Greis KD, Sztul E, Britt WJ: Accumulation of virion tegument 
and envelope proteins in a stable cytoplasmic compartment during 
human cytomegalovirus replication: characterization of a potential site 
of virus assembly. J Virol 2000, 74:975-986. 

36. Sanchez V, Mahr JA, Orazio Nl, Spector DH: Nuclear export of the human 
cytomegalovirus tegument protein pp 65 requires cyclin-dependent 
kinase activity and the Crml exporter. J Virol 2007, 81:11730-11736. 

37. Saffert RT, Penkert RR, Kalejta RF: Cellular and viral control over the initial 
events of human cytomegalovirus experimental latency in CD34+ cells. J 
Virol 2010, 84:5594-5604. 

38. Hensel GM, Meyer HH, Buchmann I, Pomnmerehne D, Schmolke S, 
Plachter B, Radsak K, Kern HF: Intracellular localization and expression of 
the human cytomegalovirus matrix phosphoprotein pp 71 (UL82): 
evidence for its translocation into the nucleus. J Gen Virol 1996, 
77:3087-3097. 

39. Hensel G, Meyer H, Gartner S, Brand G, Kern HF: Nuclear localization of the 
human cytomegalovirus tegument protein pp 150 (ppUL32). J Gen Virol 
1995, 76:1591-1601. 

40. AuCoin DP, Smith GB, Meiering CD, Mocarski ES: Betaherpesvirus- 
conserved cytomegalovirus tegument protein ppUL32 (pp 150) controls 
cytoplasmic events during virion maturation. J Virol 2006, 80:8199-8210. 

41. Sanchez V, Sztul E, Britt WJ: Human cytomegalovirus pp 28 (UL99) 
localizes to a cytoplasmic compartment which overlaps the endoplasmic 
reticulum-Golgi-intermediate compartment. J Virol 2000, 74:3842-3851. 

42. Shaner NC, Patterson GH, Davidson MW: Advances in fluorescent protein 
technology. J Cell Sci 2007, 120:4247-4260. 

43. Chalfie (VI, Tu Y, Euskirchen G, Ward WW, Prasher DC: Green fluorescent 
protein as a marker for gene expression. Science 1994, 263:802-805. 

44. Tsien RY: The green fluorescent protein. Annu Rev Biochem 1998, 
67:509-544. 

45. Tomtishen John Paul: Tegument Protein Subcellular Localization of Human 
Cytomegalovirus Bucknell University, Lewisburg; 201 1, BS with Honors Thesis. 
Print. 

46. Schmolke S, Drescher P, Jahn G, Plachter B: Nuclear targeting of the 
tegument protein pp 65 (UL83) of human cytomegalovirus: an unusual 
bipartite nuclear localization signal functions with other portions of the 
protein to mediate its efficient nuclear transport. J Virol 1995, 
69:1071-1078. 



doi: 1 0. 1 1 86/1 743-422X-9-22 

Cite this article as: Tomtishen III: Human cytomegalovirus tegument 
proteins (pp65, pp71, pp150, pp28). Virology Journal 2012 9:22. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at f \ RioM _-| rpntr ,i 

www.biomedcentral.com/submit \ J BHMWea central 



